The process kinetics, chemical composition, morphology, microstructures, and stress of rapidthermal low pressure metalorganic chemical vapor deposited (RT-LPMOCVD) TiN, films on InP, using a combined reactive chemistry of ammonia (NH,) gas and tetrakis (dimethylamido) titanium ( DMATi) liquid precursors, were studied. Enhanced deposition rates of l-3 nm s -' at total chamber pressures in the range of 3-10. Torr and temperatures of 300 "C-350 "C at a NHs:DMATi flow rate ratio of I:8 to 1:15 were achieved. Stoichiometric film compositions were obtained, with carbon and oxygen impurity concentrations as low as 5%. Transmission electron microscopy analysis identified the deposited films as TiN with some epitaxial relationship to the underlying (001) InP substrate. This process provides a superior film to the preview RT-LPMOCVD TN, film deposited using only the DMATi precursor.
I. INTRODUCTION
Titanium nitride films have recently become one of the most important components in the metallurgical design scheme of microelectronic devices, due to their excellent electrical, mechanical, and morphological properties. '-5 Various physical deposition techniques, such as reactive sputtering of titanium in an Ar or N2 ambient,6 reactive evaporation,' and TiSi, reduction by NH3,s which have been used for deposition TiN, layers are not suitable for deposition onto III-V substrates due to surface degradation as a result of the ion bombardment and high temperatures. Thus, the TiN, deposition technique of choice for application to III-V technology is likely to be a low temperature chemical vapor deposition (CVD) process, such as using titanium tetrachloride (TiCI,) and ammonia (NH,) CVD precursors,g or metalorganic chemical vapor deposition (MOCVD) using the tetrakis (dialkylamido) titanium chemistry." In particular, there is a growing interest in the latter approach, which allows for a very low temperature (200 "C-400 "C) MOCVD process, and for introduction of NH3 to the reactive gas mixture in order to enhance the precursor decomposition and reduce the impurities entrapped in the film.
In this paper we describe, a RT-LPMOCVD of TiN, films onto InP substrates, using a combined chemistry of NH3 and DMATi. In particular, we observe no degradation of the underlying InP as a result of the TiN, deposition.
II. EXPERIMENT
TiN, films were deposited onto (100) InP substrates by the RT-LPMOCVD technique using a Heatpulse CVD-800TM system, which was described in detail elsewhere." In short, this is a low-pressure, load-locked, horizontal and laminar flow, oval cross-sectioned reactor that is heated by two sets of high power halogen-tungsten lamps ( 12 lamps of 1.5 kW each ), and is capable of singlewafer processing with inert, hazardous, or corrosive ambient.
The TiN, precursor was an American Cyanamid Tetrakis (dimetylamido) titanium (DMATi) CypureTM product, loaded in a standard 100 gr stainless-steel bubbler. ' Ultrahigh purity H,, passed through a Nanochem gas purifier system was used as a carrier gas for the TiN, precursor and as a diluent for the gas mixture, which also contained Matheson electronic grade ammonia.
The gas mixture was flowed into the chamber over the loaded cold substrate for at least 2 min before turning the lamps on. At the end of the deposition cycle, the substrates were allowed to cool down in the reactor under a H, flow for 2 min before unloading to the load lock. The deposition conditions were as follows: The chamber pressure was varied in the range of 3-10 Torr, the temperature was kept in the range of 300 "C-350 "C, and the NH,:DMATi flow rate ratio was varied in the range of 1:8 to 1: 15. The wafers were deoxidized in 10: 1 H20:HF solution and subsequently degreased by being rinsed in warm chloroform, acetone, and methanol. The wafers were loaded immediately after the cleaning procedure into the CVD-800TM load-lock chamber, which was then pumped down to a pressure of 9X 10 -6 Torr 15 sec. Various analytical techniques were used to characterize the properties of the various RT-LPMOCVD TiN, films. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM), in both cross-sectional and plan-view modes were used to study the film morphology and microstructure. All TEM analyses were done on a JEOL 4000 FX high resolution/ analytical microscope, which had a 1.95 A point resolution at Scherzer defocus. Auger electron spectroscopy (AES) with sputter depth profiling was carried out using a PHI-590 system to determine the stoichiometry of the TiN, layers, and the composition of the metal-semiconductor interfaces. The x-ray photoelectron spectroscopy (XPS) was used, as well, to determine the actual film structures. ESCA analysis were made using a Perkin Elmer PHI-5400 system with Mg x-rays.
In situ stress measurements were performed using the Flexus 2-300s thin-film stress measurement system, which was described in detailed elsewhere.12
Deposited film thickness were measured using a DektakTM stylus profilometry system and were verified by SEM cross-section analysis.
Dry etching of the RT-LPMOCVD TiN, films was carried out with a pure SFd02, CF4/02, or CHF,/02 discharges contained within a hybrid Electron Cyclotron Resonance (ECR)/Radio Frequency (rf) system, using an AZ1330J photoresist mask on the TiN,.13,14 The plasma pressure was kept constant at 5 mTorr, the total-gas flow rates held constant at 30 SCCM, and the microwave power fixed at 150 W. A fixed dc bias of -100 V on the sample was used in each case.
Ill. RESULTS AND DISCUSSION
A. Influence of H2 precleaning on the chemistry of the TiN, film deposited solely from the DMATi precursor
In previous work we have demonstrated, the deposition of TiN, films from DMATi sources, by means of RT-LPMOCVD. ' These films had a stoitihiometric structure and contained nitrogen and titanium in a ratio close to unity, but also contained a significant amount of carbon and oxygen. An attempt was made to reduce both the level of carbon (about 35%) and of oxygen ( 15%) in the films.
The first experiment was conducted to explore the influence of in situ cleaning of the wafer prior to the deposition on the amount of impurity level incorporated in the film by means of heating it under hydrogen overpressure at relatively high temperature. The precleaning was carried out using the tertiarybutylphosphine (TBP) metalorganic [ (CH,) ,CPH,] as a precursor for hydrogen and phosphorous. The reason for using TBP to establish H, for cleaning was to allow for a simultaneous phosphorous protective ambient in the chamber during the precleaning process, which was executed at 500 "C! for 120 sec. We have shown elsewhere the heating an InP wafer under these conditions resulted in degradation-free surfaces.15 Figure 1 shows the AES depth profile of a sample that was preheated under 5 X 10 -3 Torr TBP ambient at 500 "C for 120 set prior to RT-LPMOCVD to TiN, film at 300 "C for 60 set at a pressure of 12 Torr using solely DMATi as a precursor [ Fig. 1 (a) ]. As a comparison, a depth profile of a sample that was deposited under the same RT-LPMOCVD conditions without applying any precleaning process, is given as well [ Fig The most.obvious change in the film composition is the percentage of the entrapped 02, which dropped from about 12% to 5% as a result.of the precleaning. These results were verified, with a good agreement ( * 1 %), using XPS analysis. It is believed that the source of the remaining oxygen contamination in the films is the O2 outdiffusion from the quartz chamber. Further work is currently being performed to overcome these technical deficiencies. B. Growth kinetics of TIN, films deposited from DMATi and NH, gas mixture Experiments were conducted to evaluate the inlluence of the various operating parameters on the TiN, film deposition rates.
Following the previous evaluation in which we have studied the properties of TiN, films deposited solely from a gas mixture of DMATi and HZ,' a narrow temperaturepressure-time process window was defined. Adding the NH3 to the gas mixture led to a significant increase of the gas reactivity, and thus to deposition of TiN, films already at temperatures as low as 300 "C, pressures lower than 1 Torr, and for very short durations. A temperature of 350 "C was chosen as the optimum process temperature, allowing for the lowest deposition temperature and resulting in high quality uniform film deposition onto 2 in. round InP wafers. The pressure was chosen, along the same arguments, to be 1.5-2 Torr.
A major effort was invested to define the appropriate gas mixture during the deposition and the tlow rate of all the comprised gases, namely the hydrogen carrier gas, the DMATi vapor and the ammonia. The hydrogen and ammonia flow rates were controlled automatically using mass flow controllers. The DMATi flow rate (RoMATi) was calculated due to the following equation:
where i?r.rZ is the hydrogen carrier gas rate of flow into the DMATi bubbler, PDMAm is the metalorganic precursor vapor pressure (depending solely on the bubbler temperaturd , and PTOTAL is the total gas pressure (HZ + DMATi) measured at the bubbler output.
Taking the given reactor geometry design, and heating the bubbler to 40 "C (in which PDMAn = 0.3 Torr), the table inserted in Fig. 3 summarizes the Au, required to maintain various DMATi flow rates. Figure 3 gives the deposited TiN, film thickness as a function of the DMATi flow rate (correlated to the flow rate of the H, carrier gas), for reaction at 350 "C, pressure of 15 Torr, and NH, flow rate of 2 SCCM for 30 sec.
The deposition temperature from the DMATi H, and NH, gas mixture was selected to be 350 "C since it was found to be both accurately controlled (the RT-MOCVD pyrometric temperature measurement device is limited to 300 "C! as the lowest controller temperature) and yet not leading to heretic deposition resulting in a rough and nonuniform filing, and reactor wall coating effects.
It is reflected in Fig. 3 that the gas decomposition and reaction reaches saturation for an overall gas flow rate into the chamber exceeding about 1500 SCCM at the given temperature and pressure. A maximum film thickness of about 90 nm is achieved for these conditions, while the highest efficiency is observed while increasing the DMATi flow rate in the range of 15-19 SCCM.
The above mentioned results were compared to earlier experiments in which TiN, films were deposited under exactly the same conditions, except for the pressure of the ammonia reactant in the gas mixture. ' timize the deposition rates and resistivity of the TiN, film using the optimum DMATi flow rate of 22 SCCM. A significant increase in the deposition rates were measured for increasing the NH, flow rate up to 10 SCCM. In this range, every additional 1 SCCM of NH, to the overall gas mixture led to an increase of about 6 nm/sec in the deposition rate. Exceeding this NH, flow rate, however, did not affect the deposition rate.
The TiN, film resistivity dropped from 5 X 10s ,uLn cm, when introducing only 2 SCCM of NHs, to 7.5 X IO2 pfI cm as a result of adding 20 SCCM of NH, to the gas mixture. These results agree quantitatively with the observations reported by Ishihara et al. l6 Figure 5 gives the deposition rate and the film resistivity as a function of the substrate temperature. The Ahrenius plot shows the TiN, apparent tilm deposition energy calcuiated to be about 0.15 eV/mole. A decrease in the resistivity from 5X lo3 to 1.2X lo3 ,ufl cm was measured when increasing the substrate deposition temperature from 300-500 "C. ferent chamber total pressures of 4 and 7 Torr. The influence of the concentration of ammonia in the gas mixture on the amount of carbon incorporated into the TiN, was identified already for a flow of 2 SCCM of NH3 ( -0.13% by volume). The percentage of carbon dropped from about 35%, as was detected in the TiN, films deposited from an ammonia-free mixture,' to about 20%. Increasing the NH, flow rate to about 10 SCCM (-0.7% by volume) decreased the carbon concentration to minimum values of 10% and 6% in the TiN, films that were deposited at pressures of 4 and 7 Torr, respectively. The reduction of the oxygen entrapped in the TN, film as a result of adding NH3 to the gas mixture is, however, limited to about 10% and cannot be further reduced by introducing higher concentrations of NH, into the ambient. The lowest C/Ti ratios that were achieved were 0.23-0.38, depending on the total chamber pressure during the deposition. These values agree with earlier published results." It is believed that the deposition temperature is one of the major parameters that controls the carbon concentration at the current low values, and that it has to be dropped below 300 "C! in order to further reduce the carbon concentration. l7 C. Film stoichiometry and impurities incorporation Figure 6 shows the N, Ti, 0, and C atomic percentages in TiN, films that were deposited at 350 "C! for 50 set using the DMATi precursor flowing into the chamber at the rate of about 136 SCCM, carried by a flow of 1500 SCCM H, as a function of the varied NH, flow rate. The figure presents two sets of samples that were deposited at two difThe data in Fig. 6 reflects some other important points. The first is the clear observation that the total pressure during deposition plays a role in controlling the carbon entrapment level, but has a negligible effect on the Ti, N, or 0 concentration. The second is that associated with the NH, addition to the gas mixture is the shift of the Ti:N ratio from about 1:l without NH,, to about 1:2 while maintaining a DMATi:NHs flow ratio of about 1O:l. In addition, an increase in the 0 concentration was observed as well, as a result of increasing the NH, concentration in the gas mixture.
ESCA analysis was conducted in order to provide chemical bonding information and composition data of the TiN, films complementary to the AES data. In addition, [(CH&N14Ti (T = 40°C) T = 35O'C, t = 30 set, P = 9.5 Torr PRECLEANING : N,, P = 1.25 Torr, t = 500 "C, t = 300 set 8 6 600 BINDING ENERGY, eV this quantitative analysis was applied in order to evaluate as the selected area electron diffraction (SAD) of three the influence of the precleaning by heating the InP subTiN, films deposited in various gas compositions. The upstrate at 500 "C for about 5 min under TBP ambient, prior per sample was deposited from a gas mixture that included to the TiN, film deposition, on the overall film chemistry.
only DMATi vapors carried into the chamber by H2 All the films underwent an ESCA survey on the surface that usually showed relatively low Ti and N levels, reflecting presumably an oxidated surface layer. While sputtering the TiN, films with Ar in the ESCA, the profiles showed that the level of 0 and C dropped and the Ti and N increased from the surface, when the multiplex analysis was made.
The influence of the preheating process was significant in reducing the amount of entrapped C in the TiN, film from 22%, when deposited directly onto an InP substrate, to 17% for deposition onto a preheated InP substrate (see the table inserted in Fig. 7) . Figure 7 provides the ESCA spectra over a wide range of O-1000 eV binding energies. Two major binding energy regions provide the most interesting information. The first is the binding energy of the carbon, both at 285 eV, which represents hydrocarbons and of the carbon with its peak at 282 eV corresponding to the Ti-C bond.i8 The second interesting region is the Ti, spectrum, which has a typical satellite structure with Tie and Tiir peaks at binding energies of about 464 and 456 eV, respectively. Both values agree with reported chemical shifts from Ti metal peaks to Ti-N bonds." The broad shoulder on the Ti peaks may be attributed to the presence of TiOz. ( DMATi:H2 -1: 10). The middle film was deposited from a mixture that contained the same DMATi:Hs ratio, but with an addition of 25 SCCM NH3 (DMATi:HsNH, -1:10:0.2). The bottom one was deposited from the same gas mixture as the previous one, however, diluted in about 500 SCCM H2 ( DMATi:H2:NH, -1:14:0.2). All the films were deposited at 450 "C!, for 100 set at a pressure of 15 Torr. The only phase that was detected in all films, regardless of the reactive gas mixture, was TiN, while the top and bottom films exhibited a finer microstructure and some epitaxial relationship on the (001) InP substrates. Figure 9 provides the TEM cross-sectional micrographs of the same films, respectively, with thicknesses of 28,24, and and 25 nm. In all samples the sharp TiN/InP interface is notable, in spite of the relatively high deposition temperature of 450 "C, demonstrating once again' the uniqueness of the RT-LPMOCVD process, which leads to rapid film deposition prior to any substrate surface degradation. In addition, it provides strong evidence as to the inert nature of the TiN, film on InP, as is reflected in the limited interfacial reactions, at least for temperatures of 450 "C for the deposition duration of about 100 sec. Figure 10 shown in Fig. 10 from top to bottom. Very similar polycrystalline film morphology was observed in all cases, including solely the TiN phase, as was identified by means of the SAD. Figure 11 provides the complimentary TEM cross-sectional micrographs of the same samples shown in Fig. 10 , exhibiting once again the sharp TiN/InP interfaces, and the uniform deposition of the TiN films (about 24 nm thickness). Figure 12 (a) and 12(b) show a high resolution TEM cross-sectional micrograph of TiN, films that were deposited onto InP substrates at pressure of 9 Torr from 30 set using a gas mixture of NH,:DMATi I:10 at temperatures of 450 "C and 550 "C!, respectively. These micrographs provide clear evidence as to the abruptness of the TiNJInP interface, exhibiting an interfacial disorder of about two to three atomic monolayers, regardless of the deposition temperature. As was mentioned above, some evidence of epitaxial islands of the deposited TiN, were reflected at the XRD patterns and are observed in the high resolution TEM micrograph. E. Film stress and elastic properties Figure 13 shows the elastic properties of TiN, films that were deposited at-350 'C, 50 set, and 10 Torr from a reactive gas mixture containing H2 and DMATi with constant flow rates of 4000 and 120 SCCM, respectively, and NH, with flow rates that were varied from 2 to 16 SCCM. Shown are the biaxial stress values of the various films, as were measured on the as-deposited film, the biaxial modules and the thermal expansion coefficient values of the films. These values were calculated through in situ stress measurements on TIN films that were deposited simultaneously onto InP and GaAs substrates, and were heated up to 500 "C for the measurements.12 The stress was found to change from a low compressive nature of about -1 X 10' dyne cm -' for deposition with NH, flow rates of 2 SCCM to a moderate tensile stress with maximum value of 3 x 10' dyne cm -2, while flowing 12 SCCM of NHs. A similar trend was observed in the evolution of the biaxial modules values. The thermal expansion coefficient of the TiN,Y films, however, remained constant, regardless of the NH, concentration in the gas mixture, with a value of about 5x10-6c-*.
F. Dry etching characteristics
To complete the characterization of the TiN, film mechanical properties we have investigated the dry etching nature of these films.14 This was done by using the hybrid electron cyclotron resonance (ECR)-radio frequency (rf) plasma etching technique. Table I provides the average etch rates of TiN, films, etched in 30 SCCM, 5 mTorr, 150 W (microwave) SF&& CFJO,, or CHF,/O, discharges, with 100 V dc bias applied on the samples, as a function of the RT-LPMOCVD total chamber pressure and NH, flow rates. One can observe a negligible influence of the total chamber pressure on the etch rates, but higher etch rates associated with higher NH, flow rates for all pressures. The influence of the etching chemistry on the etch rates is detailed and discussed elsewhere.t4 The correlations between the etching rates and the NH, flow rate is, however, remarkable and agrees with the earlier discussed results. The higher the NH, flow rate was, the less carbon was entrapped into the TiN, films, leading to deposition of purer material with higher ECR etch rates.
IV. SUMMARY AND CONCLUSIONS
We have demonstrated an improved quality TiN, film deposited onto InP substrates by means of the RT-LPMOCVD technique, using Tetrakis (Dimethylamido) titanium metalorganic liquid precursor and ammonia gas. The required deposition temperature was lower than 350 "C in order to achieve a deposition of 50-100 nm film thickness within 50 set of reaction under pressure conditions of 3-10 Torr. Small amounts of ammonia led to significant improvement in the purity of the TiN, tilms, reducing the carbon impurity concentration to a minimum of 5%. Controlled precleaning procedures resulted in reduction of the oxygen entrapped in the TiN, films to similar levels.
Further work is currently carried out in order to define the conditions for the deposition of a more pure 'UN, film from the same precursor, using the RT-LPMOCVD technique.
